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Abstract 
Through the establishment of stress balance equation and analysis of stress s tatus, de-icing model and brittle fracture 
model under the conditions of vertical scraping and tilt scraping are presented respectively. According to material 
strength theory, the thesis analyses necessary external fo rce to eliminate ice layer and its influencing factors, and 
then gains energy consumption forecast formula of mechanical scraping deicing, which provides the basis for motor 
selection of ice-scraping mechanis m. Conclusion shows that tilt scraping can greatly reduce deicing energy 
consumption, that the smallest scraping force and energy consumption are obtained with tilt angle of 40º. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Canadian professor Michel puts forward the internationally recognized ice structure classification method, which 
is the four categories including P, S, T, R and 13 subclass. Most ice sheets on heat exchange surface are native ice. 
In the meanwhile, research of Gold shows that the nature of ice is similar to a perfect elastic substance when ice 
temperature is -3ć to -40ć [2]. Therefore, many domestic and overseas scholars still regard  ice as linear elastic 
substance in experimental test and engineering calculation though mechanical property of ice has lots of unique 
characteristics, which brings enormous convenience for engineering application. 
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Ice is a typical britt le material whose main characteristic is britt le-ductile transition under normal loading 
conditions [3]. There are two forms of ice damage: ductile failure and brittle failure. The damage between the two 
forms is called brittle-ductile transition where compressive strength and bending strength reach to the maximum.  
Maximum strength is on brittle-ductile transition point. Therefore, with the increase of loading rate, strength of ice 
will present logarithm single peak variation trend which will increase firstly and then decrease [4]. The general 
engineering application and design, as this paper has demonstrated, shall consider brittle fracture failu re of ice 
instead of maintaining its original form, therefore, peak strength in brittle-ductile transition area has been chosen as 
design strength for sea ice mechanical design index, and in this paper we will also use peak strength as calculation 
index [5]. 
In the two cases, there is a need to remove continuously in a timely manner the ice layer on the surface of the heat 
exchanger in order to: (1) avoid ice block caused by lasting icing on the heat transfer surface; (2) obtain the 
persistent and stable solidification latent heat flux, which requires to continue cleaning the heat transfer surface. The 
most reliable method to remove the thin ice on the surface continuously is to take the method of mechanical scraping, 
by applying external force on the ice to de-ice, fracture and fall off, which is a process as a material mechanics 
problem of the material failure. Therefore , by a d ifferent scraping way, the ice will be damaged in d ifferent forms  
with d ifferent difficu lty and power consumption. The paper will deduce the external force and power that must be 
applied in de-icing and analyze their affecting factors by analyzing the ice stress state. 
2. Ice layer d Ice layer desorption model by vertical scraping 
For the removable ice layer, the compressive strength [ ] 1.834MPapV  ; the shear strength[ ] 756kPacW  ; the 
tensile strength[ ] 137.5kPadV  ; the tangential freezing adhesive strength between ice and steel[ ] 95kPaaW  , the 
normal freezing adhesive strength [ ] 134kPaaV  ; the elastic shear modulus 1.248GPaG  ; the elastic tensile 
modulus 2.994GPaE  . 
As shown in Fig. 1, suppose the uniform thickness of the ice layer is h , the internal diameter of the heat transfer 
tube is nd , the applied  acting force on the b lade vertical ice cross section is N , the cross sectional area of the ice 
is iA . In  the Fig. 1, pV is the compressive stress, dV is the tensile stress, cW is the internal shear stress of the ice, aW is 
the tangential freezing adhesive stress, aV is the normal freezing adhesive stress, fW is the viscous friction shear 
stress at the fluid-ice boundary. 
 
Fig. 1 Ice layer desorption stress model of vertical scraping 
The main external forces on the ice include the scraping pressure N , the tangential and normal adhesive stresses, 
while the frict ion and gravity applied by the fluid can be ignored. At 0x  , the compressive stress caused by the 
vertical scraping pressure is: 
0p
i n
N N
A d h
V S  |                                                                                                                                            (1) 
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Let the distribution of the tangential freezing adhesive stress be ( )a xW , the pressure within the ice at x is: 
0
( ) ( )
x
a nN x N x d dxW S  ³                                                                                                                                 (2) 
It is clear that along the positive direction x in  the ice, the pressure and compressive stress go down. It  can be 
imagined, there is such a distance L , the sum of the freezing adhesive shear  stresses before it is just equal to the 
scraping pressure N , which causes the pressure at L  is zero, and so is the compressive stress. At the same time, 
according to the force balance, the freezing adhesive shear stress on the wall surface is ( ) 0a LW  . Since the stress is 
decreasing along the way, the ice desorption from the heat transfer surface will occur first at 0x   ( 0y  ). Under 
the vertical scraping pressure, as the coordinate set in Fig. 1, the static equilibrium different ial equation (Jellinek 
1959) is as follows: 
0 (3 )
0 (3 )
xy d
p yx
a
x y
b
x y
W V
V W
w­ w  ° w w°®w w°   ° w w¯
                                                                                                             (3) 
Suppose the ice begins to desorb at the starting point, both of the tangential and normal freezing adhesive stresses 
reach the ultimate strength, so the stress boundary is subject to [ ]d aV V , [ ]xy aW W , 0p pV V at 0y  and 0x  ; 
0dV  , 0xyW | at y h ; 0pV   at x L . Because the ice is thin, the tensile stress in the ice can be regarded as 
distributed simply  by linear, that is
0
0 [ ]d a
xy h
V V
 
w  w , due to equation (3-a), we can get 0
[ ]a
xy y
x C
h
VW     . By  
substituting the boundary conditions, the distribution of the tangential freezing adhesive stress on the wall surface is  
[ ]
[ ]aa axh
VW W                                                                                                                                              (4) 
Because the freezing adhesive shear stress is ( ) 0a LW  at x L , it can be seen 
[ ]
[ ]
a
a
L h
W
V                                                                                                                                                         (5) 
According to the above formula, when the ice begins to break the limit o f the freezing adhesive strength to desorb, 
the range of the freezing adhesive strength on the ice/base interface is comparable to the thickness of the ice. On  the 
wall surface in the range of 0 to L , the tangential freezing adhesive stress will be linearly decreasing to zero; beyond 
the point L , there is no force between the ice and the base surface. In addition, according to the formula (2), due 
to ( ) 0N L  , it can be seen 
2 2
0
[ ] [ ]
( )
2[ ] 2[ ]
L a i a
n a n
a a
AN d x dx d h W WS W S V V   ³                                                                                                     (6) 
Where, iA  is the cross section area of the ice,
2m .The formula above describes the external p ressure to be applied  
on the heat transfer surface so as to de-ice under the condition of vertical scraping, which will be expressed by 1N . 
According to the formula above, the ice stripping force is mainly  related to two  factors: (1) the freezing adhesive 
strength, different materials or different surface treatment methods can be applied to change the ratio of the normal 
to tangential freezing adhesive strength and the size, and thus change the stripping force size; (2) the force section 
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area, that is, the thicker ice layer will need greater stripp ing force and a longer section baseline will cause the greater 
stripping force. 
Suppose the internal diameter of the heat transfer tube is 32mm  and the ice layer is 1mm thick, the vertical 
pressure that is required to make the ice desorb is 3.4N  according to the formula (6). 
3. Ice layer brittle fracture model by vertical scraping 
As shown in Fig. 2, after the ice desorption, there is no freezing adhesive stress any more on the boundary, so 
under the vertical pressure, there is no bending moment and no tensile stress, the ice will be in  an ideal unidirectional 
pressure stress state. According to the analysis of unidirectional pressure stress state, the maximum compressive 
stress at present is on the ice cross section, and the maximum shear stress (the main shear stress) is on the slope (the 
main tangent plane) at an angle of 45 degrees to the cross section, if the principal shear stress in the ice reaches or 
exceeds the shear strength[ ]cW , the ice will shear and slip along the main shear plane, causing brittle fracture of the 
ice layer. The compressive stress is 2[ ]p cV W  when the ice is sheared, so the external pressure required to cause 
shear and brittle fracture of the desorbed ice layer is  
2 [ ] 2 [ ]i c n cN A d hW S W |                                                                                                                                   (7) 
According to the formula above, under the condition of vertical scraping, the external fo rce that causes brittle 
fracture of the ice is main ly related to two factors: (1) the shearing resistance of the ice, reducing the degree of 
supercooling can decrease the brittle fracture force; (2) the force section area, that is, a larger section area is bound to 
need greater external inevitable brittle fracture force. 
Suppose the internal d iameter of the heat transfer tube is 32mm  and the ice layer is 1mm  thick, the vert ical 
pressure (represented by 2N ) that is required to make the ice desorb is 152N according to the formula (6). 
 
 
Fig. 2 Ice layer crack stress model of vertical scraping                      Fig. 3 Ice layer brittle stress model of inclined scraping 
Based on comparison of 1N  and 2N  above, for common materials, the external pressure required for desorption 
is far less than that the brittle fracture requires, so it can be said that, the ice stripping actually consists of two 
processes: desorption and then brittle fracture. The ice desorption from the heat transfer surface must overcome the 
freezing adhesive stress, for different heat transfer surfaces made of different materials or in different conditions will 
have different ice freezing adhesive stresses, the ice can be desorbed more thoroughly by coating the heat exchanger 
surface with the modification material or through modification treatment of the surface. 
4. Ice layer brittle fracture model by slope scraping 
Under different stress states , the ice brittle  fracture occurs in two main ways: shearing (shear fracture) at the 
shearing resistance and breaking (tension fracture) at  the tensile strength. The ice vertical scraping above belongs to 
the ice shear fracture. 
Because the shear strength is 4 to 6 t imes of the tensile strength, if we can apply some force to make the ice brittle  
fracture completely belong to or be close to tension fracture, it will greatly reduce the external fo rce and energy 
consumption. In the process of mechanical ice scraping, the pressure applying angle can be changed to produce 
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tensile stress in the ice and make it  reaches the tensile strength, thereby reducing the external force and energy 
consumption. As shown in Fig. 3. 
Suppose the blade surface applying force inclines at T  ( 0 90Td  ) degree(s) to the heat transfer surface normal,  
and two component forces of the external pressure N  have a positive pressure and a bending moment respectively 
on the ice, take an ice strip of b  wide and h high from the ice cross section as the object. If the ice is considered as a 
rectangle, so the normal stress generated by the bending moment of the component force on the ice strip is  
3 3
12 12 sin( ) ( )
2 2W n
M h N hy y l
bh d h
TV S                                                                                                         (8) 
It is not difficult to find, at / 2h y h  , the normal stress WV  is negative, indicating that the moment produces 
the compressive stress; at 0 y h  , the normal stress is positive, indicating the moment produces the tensile stress. 
The maximum compressive stress produced the bending moment is equal to the absolute value of the tensile stress 
and appears on the surfaces of y h  and 0y   respectively. In addit ion, the pressure component force will have 
uniform compressive stress on the ice stripe along the x  direction, that is 
cos
Y
n
N
d h
TV S                                                                                                                                                  (9) 
The total stress at x l when all kinds of stress satisfy the principle of superposition is  
3
12 sin cos( )
2W Y nn
N h Ny l
d hd h
T TV V V SS                                                                                                   (10) 
Therefore, the maximum compressive stress is still on the surface of y h , and its absolute value is  
2max
6 sin cos (6sin cos )p
n in
N N N ll
d h A hd h
T TV T TSS                                                                                        (11) 
It is clear that, if 1
1 cos
6sin
l l hTT
!   (the distance is much smaller than h ), the maximum value of the compressive 
stress will be larger than the compressive stress produced by vertical scraping under the same force N , i.e.  
0maxp p
V V! . Even if the ice is sheared, the external force required for slope scraping is smaller than that for 
vertical scraping with decreasing degree depending on the slope angle T . 
If 2
cot
6
l l hT!  , the maximum value of the tensile stress will be shown on the surface of 0y  , and its absolute 
value is 
2max
6 sin cos (6sin cos )d
n in
N N N ll
d h A hd h
T TV T TSS                                                                                       (12) 
From formula (11) and (12), for each section, under the same external force N , the maximum compressive stress 
and tensile stress that the same position can reach will increase with the slope angle, as shown in  Fig. 4. Besides, for 
different sections, the maximum compressive stress and tensile stress increase with the distance l  at the same rate, 
but because the shearing resistance is several times the tensile strength, the influence of the distance l  on the 
possibility of ice shearing or breaking is greatly different. Moreover, from formula (12) we can see, the ice crystals 
stripped down are in smaller size under the greater external force. 
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Suppose the ice is on the cross section of 3l l , the maximum tensile stress reaches the tensile strength and the 
maximum shear stress also reaches the shearing resistance, then 3
3
6 sin / cos 2[ ]
11
6 sin / cos [ ]
c
d
l h
l h
T T W
T T V
    : by substituting the 
strength data, we can get 3
cot
5
l hT . If 3zl l  and 3yl l! , under the external force: 
x If N  is great  enough on the cross section zl , max 2[ ]p cV W , then maxd dV V  , and the ice will be sheared on 
this section; 
 
x If N  decrease on the cross section 3l , maxd dV V , then max 2[ ]p cV W , the ice destruction is not on the 
section 3l ; but behind this cross section, there is a cross section yl , making maxd dV V  and max 2[ ]p cV W , 
so that the ice will be broken on this section. 
Under the slope scraping, the necessary external force for desorption easily obtained is  
2
1
[ ]
2[ ]cos
i a
a
A
N
W
V T                                                                                                                                             (13) 
It is clear the stripping force increases with increasing slope angle. In theory, as long as the external fo rce is larger 
than the force required as desorption, the ice will be always desorbing continuously, then there will certain ly be a 
section yl  which makes it reach maxd dV V  and causes breaking, thereby realizing the ice brittle fracture. But, as 
the slope angle is smaller, the distance yl  will be greater (if 0T  , yl  f ). Under the external force 1N  required as 
desorption, the cross section where the ice breaks is: 
4 2
2[ ][ ] cot( 1) 0.85cot
6[ ]
a d
a
l h h
V V T TW                                                                                                          (14) 
Both formulas (12) and (14) have proved that the ice crystals stripped down are in larger size under the smaller 
slope angle, which is consistent with the reality. Because there is a certain thickness of the blade when it is 
manufacturing, it is impossible to keep the slope angle infinitely close to 90 degrees actually, in general, the slope 
angle is less than 75 degrees. That is to say, when the ice is destructed, * / 1l h | , so the ice force necessary for brittle  
fracture is: 
2
[ ]
6sin cos
i dAN
V
T T|                                                                                                                                          (15) 
In conclusion, the force necessary for slope scraping is either 1N  or 2N , whichever is greater, that is, 
1 2max( , )N N N  . With the internal diameter of the heat exchanger tube of 32mm , and the ice layer thickness of 
1mm  as an example, the relationship between the scraping force and the slope ang le is as shown in Fig. 5. 
5. Results 
In order to minimize the external force for ice removing, let 1 2N N , then * 2
[ ][ ] 1tan( ) 40.3
63[ ]
a d
a
a
V VT W   . 
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Fig. 4 Relation between direct stress and inclined angle 
 
 Fig. 5 Relation between scraping force and inclined angle 
 
When the scraping is at a slope angle of 40.3 degrees, the external force required for mechanical scraping is 
minimal, for the case that the internal d iameter of the heat transfer tube is 32mm  and the ice layer is 1mm  thick, its 
value is 4.437N. The two dimensional sizes of the ice crystal scraped down at this time is h  and 4 1.0023l h  
respectively. It can be seen that slope scraping can greatly reduce the external force required for ice desorption by 
slope stripping. 
6. Conclusions 
In this paper, through the analysis of the internal stress state and strength fracture under the force at different 
angles, we reach these conclusions: 
x The ice stripping fo rce is main ly related to two factors, one is the force section area. The thicker ice layer will 
need greater stripping force and a longer section baseline. The second the freezing adhesive strength, different 
materials or different surface treatment methods can be applied to change the ratio  of the normal to tangential 
freezing adhesive strength and the size, and thus change the st ripping force size. For common materials, the 
external p ressure required for desorption is far less than that the brittle fracture requires, so it can be said that, the 
ice stripping actually consists of two processes: desorption and then brittle fracture. 
x The ice britt le fracture occurs in  two main  ways: shearing (shear fracture) at the shearing resistance and breaking 
(tension fracture) at the tensile strength. The stripping force increases with increasing slope angle. The ice 
crystals stripped down are in  larger size under the s maller slope angle; with a larger slope angle, the power 
consumed by the pressure friction will increase. When the scraping is at a  slope angle of 40.3 degrees, the 
external force required for mechanical scraping is minimal. 
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